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Jntroduction 
This report is a presentation of three calculations made using SURF. 
A modification to the program already implemented is discussed 
first, Then a summary of the results is presented, followed by the 
plots of the flow fields. See the GALCIT report FM 89-1 entitled 
"Surf: A Program for Calculating Inviscid Supersonic Reacting Flows 
in Nozzles" by Martin Rein for more details and a description of the 
program. 
Jvfodification of the THDYN subroutine 
The SURF program was used to compute three cases of non- 
equilibrium flow in the T5 nozzle. The input data files are identical 
except for the value of the reservoir temperature, 
Case 1: To = 4795 K, po = 100 MPa 
Case 1: To = 5900 K, po = 100 MPa 
Case 1: To = 7260 K, po = 100 MPa 
A convergence problem was encountered for the first two cases. The 
temperature is too low with respect to the pressure and this leads to 
a frozen flow situation downstream of the nozzle (for instance, with 
To = 4795 K, T drops to 700 K at x = 0.7 m). The problem was with 
the right hand side of equation 2.16 of Martin Rein's report: 
d r .  r 
- L = C p j k  , j = c + l ,  .... s 
dt krl 
where 
Pjk was rearranged as follows. The rate constant kr,k was drawn into 
the bracket. The expression for the rate constant includes an 
exponential function, as does the equilibrium contant Ky,k. 
The argument of one of these functions is positive while the other is 
negative (the equilibrium constant is in the donominator). The 
arguments of the exponential function are now added and thereafter 
the exponential expression is computed. In this manner, an overflow 
is avoided. All the changes were implemented more specifically in 
the THDYN subroutine. 
Presentation of the results 
A full 2-D -non-equilibrium calculation was performed everywhere in 
the axisymmetric nozzle. For each case, the input data file (based on 
Appendix D of Martin Rein's report) precedes the correponding 
output summary file. The latter is self-explanatory. Then the 
streamwise (along the centerline and along the wall) and contour 
plots of various fields variables complete each set. 
Some contour plots are not included because the corresponding 
variables are fairly constant (such as YAR, YN2, yoz, etc.) throughout the 
nozzle. The streamwise plots have all the same scale to allow 
comparison and therefore some curves appear incomplete (or not at 
all) such as YNO+ and Y N  which have very low values. 
Summarv of results 
The following table lists the values of some variables for each case 
for comparison purpose. 
p, = 100MPa case 1 case 2 case 3 
*along the centerline 
Nozzle: ~51100 (GALCIT) 
expansion of air (8 species, 22 reactions) 
names of output data files 
airlbsum 
airlbres 
job id. no., iequil, if rzn, i2d,fout 
1,OI OI1,O 
xu, xd, mmax, nmax 
0.01,1.0,150,10 
TO, PO 
4795.01100.0e+06 
Tv 
3.0d3 
ichkd, rminlt 
1,2.0 
dcrit 
-1.0d-2 
ic, isr ir 
4,8,22 
indep. species : symb (i) , go (i) , i=l, . , ic 
E- , O.OdO 
N2 ,0.78112d0 
02 ,0.20954dO 
AR ,0.00934dO 
alph(j,i), j=ic+l, .,is, i=l,.,ic 
0.0,0.5,0.0,0.0 
0.0,0.0,0.5,0.0 
0.0,0.5,0.5,0.0 
-1.0,0.5,0.5,0.0 
thermodynamic properties of (is) species: 
E- 
5.4847d-7,l10.0e0, 5.Od3 
l.OIl~OrlIO 
2.0 
0. OeO 
0. OeO 
20.78675d0,0.0d0,0.0d010.0d010.0d01 
-97.57301dO 
N2 
28.0160d-3,2,0.0eOr 5.Od3 
2.86,2.0,4,1 
1.0,3.0,6.0,1.0 
O.Oe0,72352.91,85843.07,88323.06 
3353.24 
28.69805d0,5.1357108d-3,-1.0604805d-6,9,1105665d-11r-2.27333721d-15I 
25.53668dO 
02 
32.0d-3,2,0.0eO15.0d3 
2.07,2.0,5,1 
3.0,2.0,1.0,3.0,3.0 
0.0e0,11096.78, 18996.51,51965.59, 71700.80 
2238.97 
27.01839d0,8.253918d-3,-1.6716921d-6,1.4778012d-10,-4.1585184d-15I 
49.18163 
AR 
39.944d-3,1,0.0e0,5.Od3 
1.0,1.0,3,0 
1.0,5.0,3.0 
0.0e0,134099.5, 134973.2 
0. OeO 
21.31292d0,-5.9728982d-4,1.8631269d-7,-2.2439826d-11,9.2875987d-16, 
33.26661dO 
N 
14.008d-3,l1471243.3268,5,0d3 
1.Or1.Of5,O 
4 ,O,6 .Or4 .0 ,6 .Or12-0  
0.0e0,27682.28,27758.32,41520.40, 119951.2 
0 .  O e O  
25.01829,-5.212693d-3,1.594425d-6,-1.3852965d-1Of3.880839d-l5~ 
10.83801dO 
0 
16.06-3, 1,246857.841,5.0d3 
1 .0 ,1 .0 ,6 ,0  
5,Ot3.O1l .0,5.Of 1 . 0  
5 .0  
O.Oe0,228.9249,326.7953,22845.16,48650.9 
106202.7 
0 .  O e O  
21.56952d0,-8.3295238d-4,2.99205d-7,-2.8873997d-11~8.9304039d-16~ 
38.25274dO 
NO 
30.008d-3,2,89890.90965,5.0d3 
2.42 ,1 .0 ,3 ,1  
4.0,2.0,  4.0 
O.Oe0,63296.52,66107.84 
2699.18 
31.23181d0,3.4655021d-3,-6.5841147d-7,5.6218415d-11,-1.5014366d-15, 
30.02577dO 
NO+ 
30.00765d-3,2,984961.9485,5.0d3 
2 .42 ,1 .0 ,6 ,1  
1 . 0 , 6 . 0 , 3 . 0 , 6 . 0 , 2 . 0  
0.  O e O  
0 .0e0,58025.33,  85093.78, 105107.5,105539.5 
0 .  O e O  
3372.95 
28.24824d0,6.2350007d-3~-1.512119d-6,1.5423789d-10,-4.6051132d-15~ 
34.92 642d0 
ibet ( 1 , k )  , 1=1, ., is ,  k = l ,  ., i r :  
0 2 0 0 0 0 0 0  
0 1 0 0 1 0 0 0  
0 1 1 0 0 0 0 0  
0 1 0 1 0 0 0 0  
0 1 0 0 0 1 0 0  
0 1 0 0 0 0 1 0  
0 0 2 0 0 0 0 0  
0 0 1 0 0 1 0 0  
0 1 1 0 0 0 0 0  
0 0 1 1 0 0 0 0  
0 0 1 0 1 0 0 0  
0 0 1 0 0 0 1 0  
0 1 0 0 0 0 1 0  
0 0 1 0 0 0 1 0  
0 0 0 1 0 0 1 0  
0 0 0 0 1 0 1 0  
0 0 0 0 0 1 1 0  
0 0 0 0 0 0 2 0  
0 0 1 0 1 0 0 0  
0 1 0 0 0 1 0 0  
0 1 1 0 0 0 0 0  
1 0 0 0 0 0 0 1  
i m p  (1, k )  , 1~1, . is ,  k = l ,  . , ir: 
0 1 0 0 2 0 0 0  
0 0 0 0 3 0 0 0  
0 0 1 0 2 0 0 0  
0 0 0 1 2 0 0 0  
0 0 0 0 2 1 0 0  
0 0 0 0 2 0 1 0  
0 0 1 0 0 2 0 0  
0 0 0 0 0 3 0 0  
0 1 0 0 0 2 0 0  
0 0 0 1 0 2 0 0  
0 0 0 0 1 2 0 0  
0 0 0 0 0 2 1 0  
0 1 0 0 1 1 0 0  
0 0 1 0 1 1 0 0  
0 0 0 1 1 1 0 0  
0 0 0 0 2 1 0 0  
0 0 0 0 1 2 0 0  
0 0 0 0 1 1 1 0  
0 0 0 0 0 1 1 0  
0 0 0 0 1 0 1 0  
0 0 0 0 0 0 2 0  
0 0 0 0 1 1 0 0  
r k l  ( k )  , r k 2  ( k )  , r k 3  (k )  , k-1, . , i r :  
3.0000000e+15,-1.5,1.132942e5 
1.4999999e+16, -1.5,1.132942e5 
9.8999996e+14,-1.5,1.132942e5 
9.8999996e+14,-1.5,1.132942e5 
9.8999996e+14, -1.5,1.132942e5 
9.8999996e+14, -1.5,1.132942e5 
3.6000000e+15,-1.5,5.939902e4 
2.0999999e+12, -0.5,5.939902e4 
1.2000000e+15, -1.5,5.939902e4 
1.2000000e+15, -1.5,5.939902e4 
1.2000000e+15,-1.5,5.939902e4 
1.2000000e+15, -1 .5, 5.939902e4 
5.2000000e+15, -1.5,7.551270e4 
5.2000000e+15f-1.5,7.551270e4 
5.2000000e+15,-1.SI7.551270e4 
5.2000000e+15,-1.5,7.551270e4 
5.2000000e+15,-1.5,7.551270e4 
5.2000000e+15,-1.5,7.551270e4 
1000000.0,0.5,3.625576e3 
5.0000000e+07,0.0,3.802827e4 
9.1000002e+18,-2.5,6.501867e4 
1.8000000e+15,-1.5,O.OeO 
i t h b  (k )  , k = l ,  . , i r :  
~ l ~ , ~ , ~ ,  ~ , ~ , ~ , 2 , 2 , ~ , 2 , 2 , 3 I 3 f 3 I 3 ~ 3 I 3 ~ 0 ~ O I ~ l ~  
Nozzle: T5/100 (GALCIT) 
expansion of air ( 8  species, ons 1 
.................................................. 
JOBID = 1 
.................................................. 
name of output file 'outpt2' :airlbres 
.................................................. 
to be calculated is/are: 
two-dimensional nonequilibrium flow solution: 
-fully nonequilibrium calculation 
-initial conditions via 1-D equilibrium flow 
* choked flow * 
* vibrational modes frozen for temperature T < Tv= 0.30003+04 K 
upstream/downstream boundary of flow field: xu=O.lOOOE-01 m, xd-0.1000E+01 rn 
grid lines in xi/eta direction : miax= 150, nmax- 10 
reservoir temperature and pressure: TO = 0.47953+04 K, pO = 0.1000E+09 Pa 
number of independent/dependent species: ic- 4 ism 8 
independent species and their mole fractions (in case that no other species 
are present 1 : 
E- 0.0000E+00 
N2 0.78113+00 
02 0.20953+00 
AR 0.93403-02 
ependent species: 
N 
0 
NO 
NO+ 
----------- 
,..., ic, [mol/kgl (concentrations of independent species 
ly independent species are present)) : 
E+OO 0.26973+02 0.72353+01 0.32253+00 
j=ic+l, . , . , is, [molfkgl (absolute maximum concentrations of 
ndent species) : 
94E+02 0.14473+02 0.14473+02 0.14473+02 
............................................. 
ibrium reservoir state: 
0.47953+04 K, pO = 0.1000E+09 Pa, rho0 = 0.70533+02 kg/m**3 
0.67693+07 J/kg, SO 0.83573+04 J/ (kgK) 
s concentrations (mollkg1 (reservoir) : 
493-04 0.24643+02 0.38843+01 0.32253+00 0.18823-01 0.20563+01 
47E+01 0.81493-04 
............................................ 
sional nozzle flow solution: choked flow 
onditions at xu = 0.100000E-01m (area = 0.1155973+01) 
u Im/sl v [m/sl P [Pal rho [kg/m**3] 
j= ic+l, . . . , is [mol/kg] 
0.17063+04 0.0000E+00 0.32103+08 0.27793+02 
3-02 0.10483+01 0.33763+01 0.91463-05 
0.17063+04 0.42063+02 0.32103+08 0.27793+02 
02 0.10483+01 0.33763+01 0.91463-05 
0,17043+04 0.84033+02 0.32103+08 0.27793+02 
-02 0.10483+01 0.33763+01 0.91463-05 
0.17023+04 0.12593+03 0.32103+08 0.27793+02 
-02 0.10483+01 0.33763+01 0.91463-05 
0.16983+04 0.16753+03 0.32103+08 0.27793+02 
0.10483+01 0.33763+01 0.91463-05 
0.16943+04 0.20883+03 0.32103+08 0.27793+02 
2 0.10483+01 0.33763+01 0.91463-05 
0.16883+04 0.24973+03 0.32103+08 0.27793+02 
0.10483+01 0.33763+01 0.91463-05 
*** fully nonequilibrium flow calculation starts right at the 
* * *  upstream boundary (at x=xu) 
*** 
solution at xd = 0.100000E+01 m (area - 0.1096443+03) 
n u Im/sl v Imfsl P [Pal rho [kg/m**3 1 
g (j) , j= ic+l, . . . , is [molfkgl 
1 0.33233+04 0.0000E+00 0.18743+05 0.11423+00 
0,20363-09 0.1020E-01 0.20473+01 0.1120E-06 
2 0.3322E+04 0.24283+01 0.19073+05 0.1156E+00 
0.19993-09 0.1021E-01 0.20463+01 0.11183-06 
3 0.33203+04 0.68793+01 0.20043+05 0.11983+00 
0,18993-09 0.1023E-01 0.20433+01 0.llllE-06 
4 0.33163+04 0.14863+02 0.21593+05 0.12633+00 
0.17573-09 0.10263-01 0.20393+01 0.1101E-06 
5 0.33113+04 0.27183+02 0.23643+05 0.13473+00 
0.15943-09 0.10283-01 0.20343+01 0.10863-06 
6 0.33063+04 0.43933+02 0.26123+05 0.14463+00 
0-14273-09 0.1029E-01 0.20283+01 0.10723-06 
7 0.33003+04 0.64483+02 0.29003+05 0.15583+00 
0.12673-09 0.1026E-01 0.2023E+01 0.10533-06 
8 0.32933+04 0.87443+02 0.32283+05 0.16823+00 
0.1117E-09 0.10203-01 0.2019E+01 0.1032E-06 
9 0.32863+04 0.11043+03 0.36173+05 0.18243+00 
0.97563-10 0.1009E-01 0.2017E+01 0.1010E-06 
10 0.32783+04 0.12943+03 0.4113E+05 0.20003+00 
0.83783-10 0.99263-02 0.2017E+01 0.98663-07 
.................................................. 

I  
I  I !  / I ! I  I  I I I I  I :  I  
- ! i I  
1 1 :  I  I 
- 
~i ! I  . .  I 
1 1 :  I 
- I  ! I  - 
i i I  I :  I  I 
- I  I i i I 
I  I  ! i  I  I  
- 
I  I !  
I  I :  I  I  
I i !  ! I - 
I ! i  I I 
I  l i  I  
_ I  ! 1  i ! 
I  l i  - 
-4 I 1  ! I q j i  I  I 
- 1  I  ! ! I  . -  I - 
I N I  i  i 
1 0 1  : I I 
~ i j  / I 
- 1  l o /  I - 
I  i z .  I 
1 1 : f f i i  
I ' I c 3 ; I  I  
- 1  I : : o i  
I  I  ! I  
- 
1 1 :  I i 
I ~ i  / 
I i ,I' 
I  .i I !  : 
- 
I  . .  1  ./' 
1 i .J- 2; 
I 1 . , . : I I . -' 





O D O D O D O D O D O  
. . . . . . . 
~ C C G ~ I O ~ P P K J ~  



Nozzle: T5/100 
PO-100 W a .  TO-4795 K 
a i r :  €3 spec., 22 react .  
.2 
TV-3000 K 
mesh: 10 lines 
delta (loglo) gam = 0.25 e- . NO+ 
First upstream contour line: Y N O +  = 8.2 x 10-6 mol/kg; 
farthest downstream one: YNO+ = 1.7 x 10-7 mol/kg. 
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Nozzle: T5/100 (GALCIT) 
expansion of air (8 species, 22 reactions) 
names of output data files 
air2bsum 
air2bres 
job id. no., iequil, ifrzn, i2d, iout 
2,0,0,1,0 
XU, xd,mmax, nmax 
0.01,l. 0,150,lO 
TO, PO 
5900.0,100.0e+06 
Tv 
3.0d3 
ichkd, rminlt 
1,2.0 
dcrit 
1.0~3-2 
ic, is, ir 
4,8,22 
indep. species: symb(i), gO(i), i-l,.,ic 
E- ,O.OdO 
N2 ,0,78112dO 
02 ,0.20954dO 
AR ,0.00934dO 
alph ( j, i) , j=ic+l, . , is, i-1, . , ic 
0.0,0.5,0.0,0.0 
0.0,0.0,0.5,0.0 
0.0,0.5,0.5,0.0 
-1.0,0.5,0.5,0.0 
thermodynamic properties of (is) species: 
E- 
5.4847d-7, l, 0.0e0,5.Od3 
1.0,1.0,1,0 
2.0 
0. OeO 
0. OeO 
20.78675d0,O. 0d0,O .OdOI O.OdOI O.Od0, 
-97.57301dO 
N2 
28.0160d-3,2,0.0e0,5.Od3 
2.86,2.0,4,1 
1.0,3.0,6.0,1.0 
0.0eO172352. 91, 85843.07, 88323.06 
3353.24 
28.69805d0,5.1357108d-3I-1.0604805d-6,9,1105665d-11I-2~27333721d-15I 
25.53668dO 
02 
32.0d-3,2,0.0e0,5.0d3 
2.07,2.0,5,1 
3.0,2.0,1.0,3.0,3.0 
0.0e0,11096.78, 18996.51,51965.59, 71700.80 
2238.97 
27.01839d0,8.253918d-3,-1.6716921d-6,1,4773012d-10I-4.1585184d-15I 
49.18163 
AR 
39.944d-3,1,0.0eOI 5.Od3 
1.0,1.0,3,0 
1,0,5.0,3.0 
0.0eO1134099. 5,134973.2 
0. OeO 
21.31292d0,-5.9728982d-4,1.8631269d-7,-2.2439826d-11f9.2875987d-16f 
33.26661dO 
N 
14.008d-3,11471243.3268,5.0d3 
1.0,1.0,5,0 
4.0,6.0,4.0,6.0,12.0 
0.0e0,27682.28,27758.32,41520.40, 119951.2 
0. OeO 
25.01829,-5.212693d-3,~.574425d-6,-1.3852965d-1OI3.880839d-15~ 
10.83801dO 
6.0d-3,l1246857.841,5.0d3 
.0,3.0,1.0,5.0,1.0 
1.56952d0, -8.3295238d-4,2.99205d-7, -2 .8873997d-11, 8.9304039d-16, 
6218415d-11, -1.5014366d-15, 
.0,6.0,3.0,6.0,2.0 
0,58025.33, 85093.78, 105107.5,105539.5 
24824d0,6,2350007d-3,-1.512119d-6,1.5423789d-lOI-4.6O5ll32d-l5~ 
0 0 0 0 0 0  
0 0 1 0 0 0  
1 0 0 0 0 0  
0 0 0 1 0 0  
0 0 0 0 1 0  
2 0 0 0 0 0  
1 1 0 0 0 0 0  
0 1 1 0 0 0 0  
0 1 0 1 0 0 0  
0 1 0 0 0 1 0  
1 0 0 0 0 1 0  
0 1 0 0 0 1 0  
0 0 1 0 0 1 0  
0 0 0 1 0 1 0  
0 0 0 0 1 1 0  
0 0 0 0 0 2 0  
0 1 0 1 0 0 0  
1 0 0 0 1 0 0  
1 1 0 0 0 0 0  
0 0 0 0 0 0 1  
irnp(1,k) , 1=11 .,is, k=l, ., ir: 
0 1 0 0 2 0 0 0  
0 0 0 0 3 0 0 0  
0 0 1 0 2 0 0 0  
0 0 0 1 2 0 0 0  
0 0 0 0 2 1 0 0  
0 0 0 0 2 0 1 0  
0 0 1 0 0 2 0 0  
0 0 0 0 0 3 0 0  
0 1 0 0 0 2 0 0  
0 0 0 1 0 2 0 0  
0 0 0 0 1 2 0 0  
0 0 0 0 0 2 1 0  
Q l O O l l O O  
0 0 1 0 1 1 0 0  
0 0 0 1 1 1 0 0  
0 0 0 0 2 1 0 0  
0 0 0 0 1 2 0 0  
0 0 0 0 1 1 1 0  
0 0 0 0 0 1 1 0  
0 0 0 0 1 0 1 0  
0 0 0 0 0 0 2 0  
0 0 0 0 1 1 0 0  
r k l  (k) , rk2 (k)  , r k 3  (k)  , k-1, . , i r :  
3.0000000e+15, -1.5,1.132942e5 
1.4999999e+16, -1 .5 , l .  132942e5 
9,8999996e+14, -1 .5 , l .  132942e5 
9,8999996e+14, -1.S11.132942e5 
9.8999996e+14,-1.5,1.132942e5 
9.8999996e+14, -1 .5, 1.132942e5 
3.6000000e+15,-1.5,5.939902e4 
2.0999999e+12, -0.5,s .  939902e4 
1.2000000e+15, -1.5,5.939902e4 
1.2000000e+15,-1.5,5.939902e4 
1.2000000e+15, -1.5,5.939902e4 
1.2000000e+15, -1 .5 ,s .  939902e4 
5.2000000e+15,-1.5,7.551270e4 
5.2000000e+15,-1.5,7.551270e4 
5.2000000e+15,-1.5,7.551270e4 
5.2000000e+15,-1.5,7.55127Oe4 
5,2000000e+15,-1.5,7.551270e4 
5.2000000e+15,-1.5,7.551270e4 
1000000.0,0.5,3.625576e3 
5.0000000e+07,0.0,3.802827e4 
9.1000002e+18,-2.5,6.501867@4 
1.8000000e+15, -1 .5,0.  O e O  
i thb  (k )  , k-1, . , ir : 
~ , ~ , ~ , ~ , ~ , 1 , 2 , 2 , ~ , 2 , 2 , 2 I 3 , 3 , 3 I 3 I 3 I 3 I 0 , 0 , 0 , 0  
Nozzle: T5/100 (GALCIT) 
expansion of air (8 species, 22 reactions) 
.................................................. 
JOBID = 2 
.................................................. 
name of output file 'outpt2':air2bres 
.................................................. 
to be calculated is/are: 
two-dimensional nonequilibrium flow solution: 
-switch parameter for switch from equilibrium 
to nonequilibrium solution: dcrit- 0.10003-01 
-initial conditions via 1-D equilibrium flow 
* choked flow * 
* vibrational modes frozen for temperature T < Tv= 0.30003+04 K 
upstream/downstream boundary of flow field: xu-0.10003-01 m, xd=O.l000E+01 m 
grid lines in xi/eta direction : mmax- 150, nmax- 10 
.................................................. 
reservoir temperature and pressure: TO = 0.59003+04 K, pO = 0.10003+09 Pa 
.................................................. 
number of independent/dependent species: ic- 4 is= 8 
independent species and their mole fractions (in case that no other species 
are present) : 
E - 0.0000E+00 
N2 0.78113+00 
02 0.20953+00 
AR 0.93403-02 
dependent species: 
N 
0 
NO 
NO+ 
go (i) , i-1, . . . , ic, [mol/kgl (concentrations of independent species 
(when only independent species are present)): 
O.OOOOE+OO 0.26973+02 0.72353+01 0.32253+00 
go (j) , j=ic+l, . . . , is, Imol/kgl (absolute maximum concentrations of 
dependent species): 
0.53943+02 0.14473+02 0.14473+02 0.14473+02 
equilibrium reservoir state: 
TO = 0.59003+04 K, pO = 0.10003+09 Pa, rho0 = 0.54783+02 kg/m**3 
hO = 0.92233+07 J/kg, SO = 0.88233+04 J/(kgK) 
species concentrat ions [mol/kgl (reservoir) : 
0.89283-03 0.24373+02 0.21443+01 0.32253+00 0.19083+00 0.51733+01 
0.50093+01 0.89283-03 
.................................................. 
two-dimensional nozzle flow solution: choked flow 
initial conditions at xu = 0.100000E-01m (area = 0.1155973+01) 
n u [m/sl v [m/sl P [Pal rho [kg/m**31 
g(j), j= ic+l, .. .,is [mol/kg] 
1 0.18963+04 0.0000E+00 0.33133+08 0.22113+02 
0.47373-01 0.38923+01 0.44173+01 0.20073-03 
2 0.18963+04 0.46733+02 0.33133+08 0.22113+02 
0.47373-01 0.38923+01 0.44173+01 0.20073-03 
3 0.18943+04 0.93383+02 0.33133+08 0.22113+02 
0.47373-01 0.38923+01 0.44173+01 0,20073-03 
4 0.18913+04 0.13993+03 0.33133+08 0.22113+02 
0.47373-01 0.38923+01 0.44173+01 0.20073-03 
5 0.18873+04 0.18613+03 0.33133+08 0.22113+02 
0.47373-01 0.38923+01 0.44173+01 0.20073-03 
6 0.18823+04 0.23203+03 0.33133+08 0.22113+02 
0.47373-01 0.38923+01 0.44173+01 0.20073-03 
7 0.18763+04 0.27743+03 0.33133+08 0.22113+02 
*** fully nonequilibrium flow calculation starts right at the 
*** upst ream boundary (at x-xu) 
*** 
solution at xd = 0.100000E+01 m (area 1 0.1096443+03) 
n u [m/sl v [m/sl P [Pal rho [kg/m**31 
g ( j 1 ,  j- ic+l, . . . ,is [mol/kgl 
1 0.38693+04 0.0000E+00 0.28373+05 0.97003-01 
0.10533-08 0.15773+00 0.2151E+01 0.42703-06 
2 0.38683+04 0.53603+01 0.28623+05 0.97623-01 
0.10713-08 0.15743+00 0.21513+01 0.42713-06 
3 0.38663+04 0.12763+02 0.29343+05 0.99363-01 
0.11273-08 0.15673+00 0.21523+01 0.42513-06 
4 0.38633+04 0.23563+02 0.30523+05 0.10223+00 
0.12363-08 0.15563+00 0.21533+01 0.42183-06 
5 0.38593+04 0.38583+02 0,32153+05 0.10613+00 
0.14223-08 0.15403+00 0.21553+01 0.41753-06 
6 0.38543+04 0.57903+02 0.34213+05 0.11093+00 
0.17183-08 0.15203+00 0.21563+01 0.41223-06 
7 0.38483+04 0.80863+02 0.36713+05 0.11663+00 
0.21753-08 0.14953+00 0.21573+01 0.40593-06 
8 0.38413+04 0.10603+03 0.39693+05 0.12333+00 
0.28803-08 0.14673+00 0.21583+01 0.39893-06 
9 0.38333+04 0.13073+03 0.43363+05 0.13133+00 
0.40073-08 0.14343+00 0.21583+01 0.39113-06 
10 0.38243+04 0.15093+03 0,48173+05 0.14163+00 
0.59766-08 0.13973+00 0.21573+01 0.38263-06 
.................................................. 
Nozzle: T5/100 (GALCIT) 
expansion of air (8 species, 22 reactions) 
names of output data files 
air3bsum 
air3bres 
job id. no., iequil, ifrzn, i2d, iout 
3r0, 0, 1'0 
XU, xd, xnmax, nmax 
0.005,1.0,200, 10 
TO, PO 
7260.0,100.0e+06 
Tv 
3.0d3 
ichkd, rminlt 
1,2*0 
N2 ,0.78112dO 
h(j,i), j=ic+lf .,isf i=l, .,ic 
,0.5,0.0,0.0 
,0.0,0.5,0.0 
,0.5,0.5,0.0 
errnodynamic properties of (is) species: 
4847d-7,1,O. Oe0,5. 0d3 
.78675dOr 0.0d0, 0.0d0, O.OdOf O.Od0, 
.0160d-3,2,0.0e0,5.0d3 
.69805d0,5.1357108d-3f-1.O6O4805d-6f9.11O5665d-llf-2.2733372ld-l5, 
.Od-3,2,0.0eOf5.0d3 
.01839d0,8.2539l8d-3,-1.67l6921d-6fl.4778Ol2d-lOf-4.l585l84d-l5f 
.944d-3,1,0,0e0, 5.0d3 
.31292dOf-5.9728982d-4,1.8631269d-7,-2.2439826d-ll,9~2875987d-l6~ 
.008d-3,lt471243.3268,5.0d3 
1 . 0 , 1 . 0 , 5 , 0  
4 .0 ,6 .0 ,4 .0 ,6 .0 ,12 .0  
0.0e0,27682.28,27758.32141520.401119951.2 
0.  O e O  
25.01829,-5.212693d-3,1.574425d-6,-1.3852965d-10,3.880839d-15, 
10.83801d0 
0 
16.0d-3,1t246857.841,5.0d3 
1 . 0 , 1 . 0 , 6 , 0  
5 .0 ,3 .0 ,1 .0 ,5 .0 ,1 .0  
5 .0  
O.Oe0,228.9249,326.7953,22845.16,48650.7 
106202.7 
0 .  O e O  
21.56952d0,-8.3295238d-4,2.99205d-7,-2.8873997d-11~8.9304039d-16, 
38.25274dO 
NO 
30.008d-3,2,89890.90965,5.0d3 
2 .42 ,1 .0 ,3 ,1  
4 .0 ,2 .0 ,4 .0  
0 .0e0 ,63296.  52,66107.84 
2699.18  
31.23181d0,3.4655021d-3,-6.5841147d-7,5.6218415d-11,-1.5014366d-15, 
30.02577dO 
NO+ 
30.00765d-3,2,984961.9485,5.0d3 
2 . 4 2 , 1 . 0 , 6 , 1  
1 .0 ,6 .0 ,3 .0 ,6 .0 ,2 .0  
0 .  O e O  
0 .0e0,58025.33,  85093.78, 105107 .5 ,  105539.5 
0.  O e O  
3372.95 
28.24824d0,6.2350007d-3,-1.512119d-6,1.5423789d-lO,-4.6O5ll32d-l5I 
34.92642dO 
ibet ( 1 , k )  , 1~1,  . is ,  k = l ,  . , i r :  
0 2 0 0 0 0 0 0  
0 1 0 0 1 0 0 0  
0 1 1 0 0 0 0 0  
0 1 0 1 0 0 0 0  
0 1 0 0 0 1 0 0  
0 1 0 0 0 0 1 0  
0 0 2 0 0 0 0 0  
0 0 1 0 0 1 0 0  
0 1 1 0 0 0 0 0  
0 0 1 1 0 0 0 0  
0 0 1 0 1 0 0 0  
0 0 1 0 0 0 1 0  
0 1 0 0 0 0 1 0  
0 0 1 0 0 0 1 0  
0 0 0 1 0 0 1 0  
0 0 0 0 1 0 1 0  
0 0 0 0 0 1 1 0  
0 0 0 0 0 0 2 0  
0 0 1 0 1 0 0 0  
0 1 0 0 0 1 0 0  
0 1 1 0 0 0 0 0  
1 0 0 0 0 0 0 1  
i r n p ( 1 ,  k )  , 1x1, ., is ,  k = l ,  . , i r :  
0 1 0 0 2 0 0 0  
0 0 0 0 3 0 0 0  
0 0 1 0 2 0 0 0  
0 0 0 1 2 0 0 0  
0 0 0 0 2 1 0 0  
0 0 0 0 2 0 1 0  
0 0 1 0 0 2 0 0  
0 0 0 0 0 3 0 0  
0 1 0 0 0 2 0 0  
0 0 0 1 0 2 0 0  
0 0 0 0 1 2 0 0  
0 0 0 0 0 2 1 0  
0 1 0 0 1 1 0 0  
0 0 1 0 1 1 0 0  
0 0 0 1 1 1 0 0  
0 0 0 0 2 1 0 0  
0 0 0 0 1 2 0 0  
0 0 0 0 1 1 1 0  
0 0 0 0 0 1 1 0  
0 0 0 0 1 0 1 0  
0 0 0 0 0 0 2 0  
0 0 0 0 1 1 0 0  
rkl (k) , rk2 (k) , rk3 (k) , k-1, . , ir: 
3.0000000e+15,-1.5,1.132942e5 
1.4999999e+16,-1.5,1.132942e5 
9.8999996e+14, -1.5,1.132942e5 
9.8999996e+14, -1.5,1.132942e5 
9.8999996e+14, -1.5,1.132942e5 
9.8999996e+14,-1.5,1.132942e5 
3.6000000e+15,-1.5,5.939902e4 
2.0999999e+12, -0.5,s. 939902e4 
1.2000000e+15,-1.5,5.939902e4 
1.2000000e+15,-1.5,5.939902e4 
1.2000000e+15,-1.5,5.939902e4 
1.2000000e+15,-1.5,5.939902e4 
5.2000000e+15,-1.5,7.551270e4 
5.2000000e+15,-1.5,7.551270e4 
5.2000000e+15,-1.5,7.551270e4 
5.2000000e+15,-1.5,7.551270e4 
5.2000000e+15,-1.5,7.551270e4 
5.2000000e+15,-1.5,7 -551270e4 
1000000.0,0.5,3.625576e3 
5.0000000e+07,0.0,3.802827e4 
9.1000002e+18,-2.S16.501867e4 
1.8000000e+15,-1.5,O.OeO 
ithb(k) , k=l, . , ir: 
11 11 1,1111 ~ 1 2 1 2 1 2 , 2 1 2 1 2 1 3 1 3 , 3 1 3 1 3 1 3 1 0 , 0 1 ~ 1 ~  
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Nozzle: T5/100 
a i r :  8 spec., 22 reac t .  mesh: 10 lines 
. 2  I I I I 1 I I I I 
... 
-. 
-.I. 
*- .  
--. 
. 
.-. 
.l - 
- 
-.l - 
- 
* / - .  
.../. 
...' 
...@ 
1 I I 
-. 2 I I I I 1 I 
. O  .I .2 .3 . 4  .6  .6  .7 . £3 . 9  1.0 
x Cml 
delta gam - 0.25 0 
First upstream contour line: yo = 3.65 mol/kg; 
farthest downstream one: yo = 0.15 mol/kg. 




Nozzle: T5/100 (GALCIT) 
expansion of air (8 species, r22 reactions) 
................................................. 
JOBID - 3 
--,-,-->----,----r---------------------------------- 
r 
name of output file 'outpt2*:air3bres 
.................................................. 
to be calculated is/are: 
two-dimensional nonequilibrium flow solution: 
-switch parameter for switch from equilibrium 
to nonequilibrium solution: dcrit= 0.10003-01 
-initial conditions via 1-D equilibrium flow 
* choked flow * 
* vibrational modes frozen for temperature T < TP 0.30003+04 K 
upstream/downstream boundary of flow field: xu-0.10003-01 m, xd=0.1000E+01 m 
grid lines in xi/eta direction : mmax= 150, nmaw 10 
.................................................. 
reservoir temperature and pressure: TO = 0.72603+04 K, pO = 0.10003+09 Pa 
-----------------L-----,,,,-,------,,----------- 
number of independent/dependent species: ic- 4 is- 8 
independent species and their mole fractions (in case that no other species 
are present) : 1 
3- 0.0000E+00 
N2 0.78113+00 
02 0.20953+00 
AR 0.93403-02 
dependent species: 
N 
0 
NO 
NO+ 
go (i) , i-1, . . . , ic, [mol/kg] (concentrations of independent species 
(when only independent species are present)): 
0.0000E+00 0.26973+02 0.72353+01 0.32253+00 
g0 ( j) , j=ic+l, . . . , is, [mol/kg] (absolute maximum concentrations of 
dependent species) : 
0.53943+02 0.14473+02 0.14473+02 0.14473+02 
equilibrium reservoir state: 
TO = 0.7260E+04 K, pO = 0.10003+09 Pa, rho0 = 0.41893+02 kg/m**3 
hO * 0.12483+08 J/kg, SO = 0.93193+04 J/ (kgK) 
species concentrations [mol/kg] (reservoir) : 
0.59883-02 0.24223+02 0.78873+00 0.32253+00 0.13173+01 0.8711E+01 
0.41753+01 0.59883-02 
.................................................. 
two-dimensional nozzle flow solution: choked flow 
initial conditions at xu - 0.100000E-01m (area = 0.1155973+01) 
n u [m/sl v [m/sl p [Pal rho [kg/m**31 
g(j), j- ic+l, ..., is [mol/kgl 
1 0.22213+04 0.0000E+00 0.31653+08 0.16513+02 
0.39173+00 0.78033+01 0.40353+01 0,16383-02 
2 0.22213+04 0.54753+02 0.31653+08 0.16513+02 
0.39173+00 0.78033+01 0.40353+01 0.16383-02 
3 0.22193+04 0.10943+03 0.31653+08 0.16513+02 
0.39173+00 0.78033+01 0.40353+01 0.16383-02 
4 0.22153+04 0.16383+03 0.31653+08 0.16513+02 
0.39173+00 0.78033+01 0.40353+01 0.16383-02 
5 0.22113+04 0.21003+03 0.31653+08 0.16513+02 
0.39173+00 0.78033+01 0.40353+01 0.16383-02 
6 0.22053+04 0.27183+03 0.31653+08 0.16513+02 
0.39173+00 0.78033+01 0.40353+01 0.16383-02 
7 0.21973+04 0.32503+03 0.31653+08 0.16513+02 
*** fully nonequilibrium flow calculation starts right at the 
*** upstream boundary (at x=xu) 
*** 
solution at xd = 0.100000E+01 m (area = 0.1096443+03) 
n u [m/sl v [m/sl p [Pal rho [kg/m**31 
g (j) j= ic+lI . . . ,is [mol/kgl 
1 0.44333+04 0.0000E+00 0.38013+05 0.78873-01 
0.30523-05 0.10463+01 0.21293+01 0.14923-05 
2 0.44323+04 0.11133+02 0.3819E+05 0.7913E-01 
0.30943-05 0.10443+01 0.21293+01 0.14893-05 
3 0.44313+04 0.23573+02 0.38723+05 0.79093-01 
0.32173-05 0.10403+01 0.21273+01 0.14823-05 
4 0.44285+04 0.38333+02 0.39613+05 0.81173-01 
0.34323-05 0.10333+01 0.21253+01 0.14713-05 
5 0.44253+04 0.56193+02 0.4090E+05 0.82993-01 
0.37513-05 0.1023E+01 0.21213+01 0.14563-05 
6 0.44213+04 0.77483+02 0.42593+05 0.85383-01 
0.41903-05 0.1010E+01 0.21133+01 0.14373-05 
7 0.44153+04 0.10183+03 0.44743+05 0,88373-01 
0.47753-05 0.99583+00 0.21033+01 0.14173-05 
8 0.44093+04 0.12783+03 0.47443+05 0.92083-01 
0.55553-05 0.97943+00 0.20873+01 0.13943-05 
9 0.44013+04 0.15293+03 0.50903+05 0.96763-01 
0.66273-05 0.96213+00 0.20673+01 0,13693-05 
10 0.43913+04 0.17333+03 0.55543+05 0.10293+00 
0.82063-05 0.94493+00 0.20433+01 0.13433-05 
Nozzle: T5/100 
a i r :  8 spec., 22 react. 
TV-3000 K 
mesh:  10  lines 
x Cml 
centerline species 1-8 
Nozzle: T 5 / 1 0 0  
PO-100 Wa.  T O - 7 2 6 0  K 
s i r :  8 spec., 22 react.  
T V - 3 0 0 0  K 
mesh:  10 lines 
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YWY+ species 1-8 


Nozzle T5/100 
air: 8 spec.. 22 react. 
TV-3000 K 
mesh: 10 lines 
centerline density 

Nozzle T5/100 
PO-100 MPa. TO-7260 K TV-3000 K 
a i r :  8 spec., 22 react .  mesh: 10 l ines  
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centerl ine pressure 
Nozzle T5/100 
PO-100  MPa. T O - 7 2 6 0  K 
air: 8 spec.. 22 react. 
8.0 
T V - 3 0 0 0  K 
mesh: 10 lines 
3.0 
. O  .l .2 .3 .4  .S  .6  .7 .8 .9  1 .0  
x Cml 
YDY+ pressure 

Nozzle: T5/100 
air:  6 spec., 22 react .  
6000 
mesh: 10 lines 
x Cml 
Y'Y+ total velocity 
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